The synthesis of maghemite nanoparticles coated with triethoxysilanemonomethylether-PEG (Si-mPEG), is presented in aqueous conditions, by the "grafting to" process. This procedure is performed in one step, starting from anchored polymer and native nanoparticles. The maghemite nanoparticles obtained were first identified by XRD and the average diameter is about 10 nm according to the Nitrogen adsorption, XRD and TEM techniques. The nature of the catalysts (acetic acid, triethylamine, NH 4 OH and dibutyl-tin-dilaurate) used for the establishment of the covalent bond between the γ-Fe 2 O 3 particles and the SimPEG, as well as the influence of the temperature and the reaction time, were evaluated on the grafting rate of the particles in water by TGA and FTIR techniques. Using the size exclusion chromatography, SEC technique, we showed that the monomethoxy-PEG was resistant to mild acidic up to strong basic conditions. The best ratio "time/amount of polymer" for the highest grafting rate was the use of tinbased organometallic compound (DBTL) at 80 °C during 48 h. In these conditions, a grafting rate of 54 % is achieved.
Introduction
The functionalization of inorganic nanoparticles by polymers, leading to hybrid organic/inorganic composite material has attracted increasing attention in wide domains such as plastic reinforcing, chromatography, heterogeneous catalysis, coating and so on [1] [2] [3] [4] . For applications in the biomedical field, the inorganic cores can be selected, for example, for their superparamagnetic properties, non toxicity or metabolizable nature [5] [6] . The grafting of an organic shell around the core reveals new specific properties such as a better stabilization and dispersability of particles dispersions, biological activity and biocompatibility. Biomedical applications of these magnetic hybrid materials are found in the fields of magnetic resonance imaging (MRI), magnetic cell separation or hyperthermia generation [7] [8] .
It has been shown by Davis et al. that the choice of size and surface characteristics governs the targeting of injected colloidal particles [9] [10] [11] . In their work, they demonstrated that the surface of the particles should be neither too hydrophilic nor too hydrophobic and that PEG seems to be the ideal polymer to increase half life in blood circulation and delay the opsonisation process. The use of a water soluble 2 polymer such as PEG allows the grafting process to take place in water and avoid further redispersion of nanoparticles from aqueous medium to organic medium as it is the case for the grafting of polycaprolactone [12] or other non aqueous soluble polymers.
Two ways of functionalization are frequently described: one is called "grafting from" when the polymerization is initiated at the surface of the nanoparticle (from initiator covalently attached to the inorganic surface [13] ) and the second one is called "grafting to" when the functionnalized polymer reacts with the reactive groups of the nanoparticle's surface [14] , for instance -OH or COOH groups. Both methods lead to covalently connected macromolecular chains, fully stabilized towards desorption. The first route has the advantage of high grafting degree whereas the second route allows the grafting of well defined chain length polymers.
The functionalization requires the use of an anchor which is covalently bound either to the polymer or to the nanoparticle. Using organosilanes is a convenient way to functionalize inorganic particles [15] [16] or polymer chains [17] and ensures a strong cohesion between the inorganic core and the polymeric shell. Due to the strong reactivity of the isocyanate function towards hydroxyl functions, isocyanatoalkylsilanes are frequently used, to establish a stable carbamate link between the modified material and the alkoxysilane. In order to preserve the activity of the isocyanate function, this reaction must be conducted in dry organic medium but the resulting anchored material can be further used in aqueous medium.
In this work, we prepared maghemite nanoparticles (according to a method first described by Massart [18] ), coated with triethoxysilane-monomethylether-PEG (SimPEG) in aqueous conditions, by the "grafting to" process. This procedure is performed in one step, starting from anchored polymer and native nanoparticles. The nature of the catalysts (acetic acid, triethylamine, NH 4 OH and dibutyl-tin-dilaurate) used for the establishment of the covalent bond between the γ-Fe 2 O 3 particles and the Si-mPEG, as well as the influence of the temperature and the reaction time, were evaluated on the grafting rate of the particles in water.
Results and discussion

Synthesis of nanoparticles
Synthesis of colloidal maghemite dispersions was achieved following the procedure developed by Massart [18] . The synthesis of maghemite nanoparticles consists of a coprecipitation of Fe 2+ and Fe 3+ ions which leads to the formation of magnetite nanoparticles.
In a second step, an acidic treatment leads to the formation of maghemite nanoparticles. The particles exhibit a diameter of 14 ± 2 nm as determined by XRD and this size was also confirmed by BET (8.8 ± 0.3 nm) and TEM (12 ±1 nm). The crystallite size was established by X-ray powder diffraction patterns from measurement of the half-height width of the strongest reflection planes, using the well-known Scherrer formula [19] . X-ray diffraction patterns of maghemite particles are shown in Figure 1 . The diffraction patterns are characteristic of the inverse cubic spinel structure.
The TEM micrograph suggests that the maghemite nanoparticles are characterized by a near-spherical morphology (Figure 2 ). The presence of the macromolecular chains is not visible on Figure 2c but the picture reveals that the nanoparticles can be isolated. Consequently, the grafting is not responsible for an aggregation of the nanomaterial. Surface composition of nanoparticles was furthermore characterized by FTIR ( Figure  3 ). The FTIR spectrum of uncoated maghemite shows a low intensity broad absorption band around 3400 cm-1 coupled with a band at 1622 cm -1 . These bands are due to the establishment of hydrogen bonds between OH vibrators located at the nanoparticles surface. The presence of the peak at 1384 cm -1 is attributed to the v(N-O) deformation from the surface nitrates. The peaks at 631 cm -1 and 567 cm -1 are assigned to the Fe-O bond vibration of bulk maghemite nanoparticles [16] .
Zeta potential of uncoated maghemite is 42.3 mV, which signifies that the solution is stable. The protonated hydroxyl groups present on their surface ensured efficient electrostatic stabilization of the iron oxide particles.
Chemistry of the grafting step
Nanoparticles were functionalized with trialkoxysilane grafted PEG which hydrolyse in the presence of water and various catalysts. Indeed, it is well known that trialkoxysilane molecules hydrolyse in solution in the presence of water. This hydrolysis reaction is subsequently followed by a condensation step involving the silanol groups. In the presence of maghemite nanoparticles, the condensation step occurs between the silanol group and the iron hydroxyl groups present at the surface of the oxide particles. However, the homocondensation of modified PEG is also described between to Si-OH groups leading to the formation of oligomers in the solution. These resulting oligomers can be further polycondensated onto the oxide surface.
The first step of hydrolysis is more rapid and complete when catalysts are employed [20] . In sol-gel processing, various acids or bases are known as catalysts such as mineral acids, ammonia, organic acids or metal alkoxydes. Aelion [21] observed that the rate and extent of the hydrolysis reaction were mostly influenced by the strength and concentration of the acid or base catalyst.
m-PEG stability towards pH
The condensation reaction can be catalyzed in acidic, basic or neutral media. Prior to testing the activity of the catalyst, the stability of the mPEG2000 ( Mn = 1950 g/mol as measured by SEC) was first checked at pH = 1, pH = 4, pH = 9.5 and pH = 11 at various temperatures (Table 1) . These conditions of temperature, time and pH also correspond to the one used for the successive steps of synthesis of the nanoparticles. In a further work, we will present the results obtained for the grafting of the Si-mPEG during the synthesis of the nanoparticles [22] .
Tab. 1. Influence of ageing conditions on average molar mass of mPEG2000 determined by SEC (PS standards).
Run
Ageing conditions From these results, it can be seen that the mPEG2000 is not sensitive to mild basic or acid conditions since average molar mass are conserved (run 4 and 3). Run 5, corresponding to strong basic conditions does not show any significant modification of Mn and Mw values. The opposite behaviour is observed in strong acidic conditions (run 2), since a decrease by 45 % occurs in the Mn value of the polyether whereas the DPI increases, due to the liberation in the solution of small species. This decrease is attributed to the protonation of the oxygen along the chains leading to the breaking of the macromolecules. For a further work based on the in situ grafting of the polymer onto the nanoparticles, the critical step is clearly the grafting in strong acidic conditions.
Grafting of Si-mPEG onto maghemite nanoparticles
The proof of the effective coating of the nanoparticles with Si-mPEG molecules was evidenced by the comparison of FTIR spectra of the coated and uncoated nanoparticles shown in Figure 3 . The presence of the silanated mPEG was evidenced by the following peaks: vs(CH 2 ) at 2912 cm . The disappearance of the characteristic peaks for the ethoxy groups at 961 and 839 cm -1 showed in the spectrum of silanated mPEG, indicates that hydrolysis took place. The silanated mPEG is grafted on the maghemite surface by a Fe-O-Si bond. However, in the literature, this band is situated around 584 cm -1 and therefore overlaps with the Fe-O vibration of maghemite [16] . The large band around 1092 cm -1 is due to the v(Si-O-Si) vibration which shows that the triethoxysilane groups have self-condensed to form a polysiloxane film on the maghemite surface. The organosilane is hydrolyzed in aqueous solution, alkoxide groups -OC 2 H 5 are replaced by hydroxyl groups -OH to from reactive silanol groups which condense with other silanol groups to produce siloxane bonds Si-O-Si. All these vibrations confirm that silanated mPEG is well grafted at the surface of maghemite particles according to Figure 4 . 
Influence of temperature and catalyst nature on grafting rate
The influence of temperature on grafting rate was evaluated at room temperature and at 80 °C. The w/w Si-mPEG/γ-Fe 2 O 3 ratio is 10.
From these results, it is clear that the effect of triethylamine and acetic acid on the hydrolysis and condensation is negligible at room temperature as judged by the total absence of grafting in these conditions. Although these catalysts are efficient for 7 tetraethoxysilane hydrolysis in about 72 h, in our case, no grafting occurs after 6 days [23] . These results are in good agreement with Aelion's results which show that the hydrolysis reaction was greatly influenced by the strength and concentration of the acid or base catalyst. Indeed, weaker acids required longer reaction times than stronger ones to achieve the same extent of reaction. At room temperature, the use of a tin-based organometallic compound (DBTL) is much more efficient since the TGA weight loss of 47 % (w/w) is detected after 48 h of reaction. Moreover, even at room temperature, DBTL is efficient at lower concentration than the concentration tested for a weak acid or base. At 80 °C, the grafting of the mPEG chains occurs without added catalyst (run 9) and once more, compared to an ammonia solution, DBTL provides the best grafting rate of mPEG on nanoparticles even at concentration as low as 0.009 M (run 11).
Influence of mPEG concentration on grafting rate
In a second series of experiment, we studied the effect of the PEG concentration on the grafting rate of the particles for reactions occurring at 80 °C. The results are given in Table 3 .
Tab. 3.
Grafting rate as a function of initial polymer concentration. It is obvious from Table 3 that the grafting rate at 80 °C increases quickly with the amount of polymer used. A grafting rate of about 54 % is reached in only 2 h for a large ratio of PEG/maghemite while 48 h are necessary when the amount of polymer ratio is decreased to 10. Zeta potential of uncoated maghemite nanoparticles is 42.3 mV. The decrease of surface charge of these grafted samples confirmed successful PEG grafting. To explain this phenomenon, there are two reasons: neutralization of the positive charge of nanoparticles by a covalent bond with silanated mPEG or screening effect of the polymer covering the surface which hides the positive charge [24] . It is interesting to note that a grafting rate of 54 % corresponds to a density of about 3.7 μmol of PEG per m 2 of maghemite according to the formula used by Flesch [17] . This value is higher than the value reported in the literature for the grafting of PEG onto maghemite particles which was also performed in aqueous medium [25] . Indeed, Davis performed the grafting of trimethoxysilane-functionalized PEG onto magnetite particles with a basic catalysis and reached a plateau value of around 0.6 μmol/m 2 for PEG chains with a molar mass of 1000 g/mol. One explanation to the observed differences in grafting densities between our results and Davis's results could be the nature of the PEG. In our case we worked with a monomethoxy-PEG whereas Davis and coworkers started from α,ω-hydroxyl PEG. A limited accessibility of the α,ω-hydroxyl PEG to the maghemite nanoparticles surface could be 8 considered, because of steric hindrance, compared to a better accessibility of monomethoxy-PEG to the same surface.
Conclusions
Monomethoxy-PEG-coated maghemite nanoparticles with 10 nm average diameter were prepared and characterized by TEM, XRD and FTIR. The grafting step was conducted in water using various acid or basic catalysts at various temperature and reaction time. We showed that the monomethoxy-PEG was resistant to mild acidic up to strong basic conditions. This work also proved that the best ratio "time/amount of polymer" for the highest grafting rate were the use of tin-based organometallic compound (DBTL) at 80 °C during 48 h. In these conditions, a grafting rate of 54 % is achieved. Towards a biomedical application for this nanomaterial, this kind of waterbased process seems to be very attractive.
Experimental part
Iron(II) chloride tetrahydrate (99 %, Fluka); iron(III) chloride hexahydrate (98 %, Fluka); ammonia (28 %, Carlo Erba); nitric acid (69.5 %, Carlo Erba); iron(III) nitrate nonahydrate (98 %, Riedel-deHaën); dibutyltin dilaurate DBTL (Aldrich); 3-isocyanatopropyltriethoxysilane (Aldrich), acetic acid (Aldrich) and triethylamine (Aldrich), were used as received. Poly(ethyleneglycol) mono methyl ether (mPEG), Mn = 2000 g/mol was purchased from Aldrich and dried under vacuum during 24 h at 70 °C. THF (Aldrich) was purchased of analytical grade and was distilled from Na/benzophenon mixture prior to use.
The chemical modification of the mPEG was performed under inert (N 2 ) atmosphere. Briefly, dried mPEG (16 g, 0.008 mol) was dissolved at 40 °C in freshly distilled THF (40 mL). 3-Isocyanatopropyltriethoxysilane (5.5 mL, 0.022 mol) and dibutyltin dilaurate (0.56 mL, 0.9 · 10 -3 mol) were added to the mPEG solution. The reaction mixture was reacted during 48 h at room temperature. The functionalized PEG (SimPEG) was precipitated into hexane (400 mL) and dried in vacuo at room temperature for 24 h (yield = 71 %).
According to the work published by Jo [26] , the 300 MHz spectra showed six sets of peaks: The maghemite nanoparticles were synthesized by precipitation of magnetite from iron(II) and (III) chlorides (according to a method first described by Massart [18] ), followed by oxidization of magnetite into maghemite using nitric acid. Briefly, 0.0019 mol of FeCl 2 ,4H 2 O and 0.0038 mol of FeCl 3 ,6H 2 O were mixed at 80 °C with 100 mL of distilled water. After adding 4.5 mL of 28 % ammonia to the reaction mixture, magnetite black nanoparticles precipitated. Magnetite nanoparticles were oxidized with 7.5 mL of HNO 3 2M for 10 min and then with 7.5 mL of Fe(NO 3 ) 3 0.33 M solution at 80 ± 5 °C for 30 min.
Chemical grafting of the nanoparticles was performed in water with a typical w/w (SimPEG) (γ-Fe 2 O 3 ) ratio of 11. Typically, 1 mL of freshly prepared ferrofluid was reacted with 0.11 g of functionalized PEG with various catalysts (triethylamine, acetic acid, NH 4 OH 28 % and dibutyltin dilaurate) at various temperature (room temperature or 80 °C). For these grafting reactions, the pH was checked periodically and adjusted if necessary. The grafting of mPEG chains onto oxide nanoparticles was followed by exhaustive washings with water in order to remove the nongrafted polymer chains. The washing efficiency was checked by SEC. after 10 washings with water, non mPEG chains were detected in the residual water.
Nuclear Magnetic Resonance (NMR) 1 H spectra were recorded on a Bruker Advance 300 spectrometer using CDCl 3 as the solvent. The crystalline phases were identified by means of X-ray powder diffraction (XRD, Siemens D5000) equipped with a copper source, in the Bragg-Bretano geometry in the 2θ range of 20-90 °, in steps of 0.03 °, and with a counting time of 9 s per step. Specific surface area of powders was measured by Brunauer-Emmett-Teller (BET) isotherm technique with nitrogen adsorption (Autosorb-1 Quantachrome). Samples are outgassed at 100 °C. Fourier Transform Infrared spectrometer (FTIR) was used to characterize the immobilization of mPEG on the nanoparticle surfaces. FTIR spectra were obtained using a Brüker Vector 22 FTIR spectrometer by the accumulation of 32 scans with a spectral resolution of 4 cm -1
. A small amount of nanoparticle powder (2 wt%) was milled with KBr, and a mixture of them was pressed into a disc for analysis. Zeta potential measurements were preformed using the Zetasizer NANO-ZS (Malvern Instruments) equipped with a laser He-Ne (50 mW, 532 nm). Measurements were performed at 25 ± 5 °C. Size Exclusion Chromatography (SEC) analyses were carried out in tetrahydrofuran (THF) solutions (20 mg/mL, at 20 °C, flow-rate= 1 mL/min) on a Spectra System P1000 apparatus, equipped with two PLgel 5 mm mixed C-columns and a IOTA 2 refractive index detector. Polystyrene standards were used for column calibration. Thermogravimetric analysis (TGA) was performed on a TA Instruments TGA Q500, at a heating rate of 2 °C/min under nitrogen atmosphere.
